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THERMAL PROPERTY OF EDS FILM AND ITS EFFECT ON THE REMOVAL 
OF DUST PARTICLES AS A FUNCTION OF SURFACE TEMPERATURE 
XUYAO DUAN 
ABSTRACT 
Solar energy is used worldwide. Deserts and semi-arid areas are well suited for solar 
energy harvesting. High dust concentration in deserts, where many large solar plants are 
located, causes a loss of energy conversion efficiency by soiling solar collectors. 
Electrodynamic Screen (EDS) film when laminated over photovoltaic module, works as a 
self-cleaning technology designed for soiling loss mitigation of solar plants and it 
requires no water and consumes very low energy. However, the high ambient temperature 
in deserts leads to a decrease of efficiency of the silicon solar panels, and the EDS film 
has a potential influence on increasing temperature of the panels. This thesis focuses on 
the thermal property of EDS film and to determine its effects on the operating 
temperature of solar panels and its efficiency. A series of experiments are designed to test 
the performance of solar panels with or without EDS film lamination operations under 
different ambient temperatures. With a variety of electrodes and optically clear adhesives 
used in constructing EDS film, we investigated the change in cell temperature with EDS 
films. The results show the EDS film has minimum effect on rising temperature of solar 
panel and its effectiveness in dust removal is not diminished.  
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CHAPTER 1: INTRODUCTION 
Demand for solar energy is rapidly increasing which in turn fuels the growth of solar 
photovoltaic (PV) power plants and solar thermal fields. Solar energy contributed 8% of 
global renewable energy consumption in 2017, and an expected 575 gigawatts (GW) of 
capacity additions of solar PV by 2023 indicates a huge potential market (Birol, 2018). 
The solar irradiance is the highest in desert, arid, and semi-arid areas. Hence, large solar 
plants are built in these areas to maximize the solar energy harvesting. For example, 
Villanueva Solar Park located in Coahuila, Mexico is one of the largest solar PV plant in 
the world and can produce more than 1700 GWh every year (Enel Green Power, 2018). 
 
Figure 1.1: Net solar PV capacity additions, main and accelerated case, 2012-23. (Birol, 2018) 
 
While solar plants are a promising renewable energy source, high dust concentration 
in these areas causes dust deposition on the surface of solar collectors, and this soiling 
effect causes a significant power loss ranging from 10% to 30% annually. Traditional 
cleaning methods, such as water cleaning trucks and mechanical wipers, have large 
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consumption of energy, labor, and water. These methods are not ideal for the large area of 
installation because of its scarcity of water in these areas (Mazumder, 2013). 
 
Figure 1.2: Manual cleaning being carried out at Scatec Solar’s solar energy farm in Jordan. 
(Credit: Mohammad Ba’ra, phys.org) 
 
Electrodynamic Screen (EDS) film is a self-cleaning technology designed for soiling 
loss mitigation of solar plants. EDS film uses three-phase electrodes embedded in a 
transparent, dielectric film to charge dust particles and remove them from solar panels 
electrostatically. This technology requires no water, has low energy consumption and is a 
viable method for large solar power plants. However, the high ambient temperature in the 
deserts and semiarid areas leads to a decrease of efficiency of the solar panels. In silicon 
solar cell PV modules, the cells are first connected in strings followed by encapsulation 
of the string between two transparent layers, approximately 300 μm thick, of Ethyl Vinyl 
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Acetate (EVA). This layered structure is then sandwiched between 4 mm thick glass plate 
at the top and an insulating polyvinyl/polyester film (Tedlar® sheet, manufactured by 
DuPont) at the bottom for protection against moisture. The sandwich structure is then 
bonded in a laminator under vacuum at 150°C. 
As the cells are operated under solar irradiance, the thermalization loss of the solar 
cells increases the temperature of the cells. Under one sun illumination, the operating 
temperature is approximately 20°C above the ambient temperature. Since the open-circuit 
voltage (VOC) of the crystalline solar cells decreases by 2.3 mV per degree Celsius rise, 
each solar cell having VOC = 0.60 V at 25°C would be operating at VOC = 0.554 V. The 
conversion efficiency is directly proportional to VOC. All crystalline silicon PV modules 
suffer from this thermalization loss in addition to the transmission loss caused by dust 
layer build up on the PV module. 
For automated removal of dust layer, the front cover, 4 mm thick glass plate of the 
PV module, is laminated with transparent EDS film, approximately 200 μm thick. The 
EDS film consists of the parallel electrodes printed on a 34 μm thick polyethylene 
terephthalate (PET) film, embedded within 100 μm thick transparent Willow® Glass film 
at the top and 50 μm thick optically clear adhesive (OCA) film laminated on the front 
glass plate of the PV module. This additional EDS film lamination may affect emissivity 
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of the PV modules and increase temperature. The objective of the research work is to 
determine if there is any increase in temperature. 
The retrofitted EDS film could potentially trap heat and causes a rise in the 
temperature of the PV module. This research aims to study the thermal property of EDS 
film by analyzing the structure and materials selection of different types of EDS films, 
and to determine the effects of the EDS film on the temperature of solar panels by a series 
of experiments. 
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CHAPTER 2: EXPERIMENTAL THEORY AND METHODS 
2.1 Three-phase Electrode EDS Film Design 
The function of EDS film is achieved by a three-phase electrodes design. Interdigitated 
electrodes are printed on a transparent substrate in a three-phase geometry and covered 
by a transparent dielectric layer. A three-phase voltage is applied to activate the electrodes 
by a specially designed power supply. Dust particles deposited on the surface of dielectric 
layer are charged and repelled from the surface. When a three-phase voltage pulses are 
applied, a travelling electric field on the dielectric layer is created, which sweeps the dust 
off the surface. The power output of solar panels is restored to more than 90% of its 
output under clean condition after the EDS film is activated for two minutes (Mazumder, 
2013). 
 
Figure 2.1: (a) Schematics diagram of the three-phase electrodes geometry, and (b) a cross-
section view of the EDS film. 
 
Despite its high efficiency in dust removal, the EDS film technology which is based 
on electrostatic removal of dust requires certain ambient conditions to work properly. 
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Factors such as temperature and relative humidity may affect the performance of the EDS 
film, and hence research focused on ambient conditions for EDS operation are necessary. 
 
2.2 Effect of Temperature 
The material choice for current commercial solar cells is mostly silicon. The band gap of 
silicon decreases when temperature rises and results in higher intrinsic carrier 
concentration: 
𝑛𝑖
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where ni is the intrinsic carrier concentration, NC and Nv are the effective density of states 
in conduction band and valance band respectively, EG is the energy of band gap, T is the 
temperature, me* and mh* are the effective masses of electrons and holes respectively. The 
dark saturation current I0 depends on the intrinsic carrier concentration from the 
following equation: 
𝐼0 = 𝑞𝐴(
𝐷𝑛𝑛𝑖
2
𝐿𝑛𝑁𝐴
+
𝐷𝑝𝑛𝑖
2
𝐿𝑝𝑁𝐷
) = 𝑞𝐴(
𝐷𝑛
𝐿𝑛𝑁𝐴
+
𝐷𝑝
𝐿𝑝𝑁𝐷
)4(
2𝜋𝑘𝑇
ℎ2
)3(𝑚𝑒
∗𝑚ℎ
∗ )
3
2 exp (
−𝐸𝐺
𝑘𝑇
) 
𝐼0 = 𝐵𝑇
3 exp (
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) 
where A is the cross-section area, Dn and Dp are the diffusivity of the carriers, Ln and Lp 
are the diffusion lengths of carriers, ND and NP are the doping concentration, and B is a 
constant which is the product of all temperature-independent parameters. The VOC 
7 
 
 
changes by I0 from the following equation: 
𝑉𝑂𝐶 =
𝑘𝑇
𝑞
ln(
𝐼𝑆𝐶
𝐼0
+ 1) 
where ISC is the short-circuit current and VG=EG/q. Therefore, the relationship between 
open-circuit voltage and temperature, which EG ≈ 1.12 eV for silicon-based solar panel, 
can be shown as: 
d𝑉𝑂𝐶
d𝑇
= −
𝑉𝐺 − 𝑉𝑂𝐶 + 3
𝑘𝑇
𝑞
𝑇
≈ −2.3
𝑚𝑉
℃
 
and the overall solar cell efficiency decreases as VOC decreases (PVeducation, 2019). 
Hence, the operating temperature of solar panels is of crucial importance. Soiling causes 
the transmission loss, reduce ISC or the light generated current. The objective is to have 
the ratio ISC/I0 as large as possible. 
 
2.3 Architectures of Current EDS Samples 
Three types of electrodes used to construct EDS films were examined in the research. The 
main differences between these films are material selection for electrode, their thickness, 
and thermal conductivity.  
Three types of electrodes were used: reflective silver ink, highly reflective chrome, 
and copper microwire electrodes. Reflective silver ink (RAg) electrode-based EDS film 
was one of the prototypes EDS film produced at Boston University (Bernard, 2017). 
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Silver electrodes, approximately 2.5 μm in height, with silver microsphere structure were 
printed on borosilicate glass by screen printing. OCA manufactured by 3M was used to 
adhere multiple layers together (3M.8146-2 Optically Clear Adhesive, 2015). 
 
Figure 2.2: Schematic drawing of RAg EDS film. All materials are laminated together without air 
in between the layers. The grey squares represent the EDS electrodes. 
 
Highly reflective chrome (HRC) electrode-based EDS film was another lab-scale 
prototype. Material used in the electrodes was chromium and the EDS film pattern were 
printed by photolithography. The electrode height was approximately 0.5 μm. 
 
Figure 2.3: Schematic drawing of HRC EDS film. All materials are laminated together without 
air in between the layers. The green squares represent the EDS electrodes. 
 
Cu-microwire EDS film was produced by flexographic printing and plating. PET 
film was used as the substrate and copper microwire electrodes were printed on both 
sides of the PET film. The height of electrodes was approximately 2 μm. 
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Figure 2.4: Schematic drawing of Cu-microwire EDS film. All materials are laminated together 
without air in between the layers. 
 
Each lab-scale EDS film sample as described above, was laminated on solar panel 
using a layer of silicone encapsulant for adhesion and protection. 
 
Figure 2.5: Schematic drawing of lab-scale sample. EDS film layers, solar cell, and silicone 
encapsulant are laminated together without air in between the layers.  
 
A solar panel without EDS film was used as a control sample. Each type of EDS film 
laminated solar panel was compare with control solar panel. The control panel had a 
Corning® Willow Glass® layer and an OCA layer, while PET layer and printed electrodes 
were absent. 
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2.4 Experimental Setups and Procedures 
2.4.1 Surface Temperatures Measurements 
RAg, HRC, Cu-microwire EDS film laminated solar panels, and a control solar panel 
were tested in this experiment respectively. Four halogen lamps (Philips Energy 
Advantage IR, three 90W and one 70W) were used as light sources to simulate sunlight. 
Panel samples were placed on a titled 30° stand in the testing chamber where halogen 
lamps were placed inside. Nine points on surface, marked as P1, P2, P3…P9, for each 
sample were selected to measure the surface temperatures. Surface temperatures were 
measured by a Wide Range Mini IR Thermometer (Extech, Model 42510A). 
Measurements were taken every three minutes, and the total testing time for each sample 
was 30 minutes. 
 
Figure 2.6: Images of surface temperature experiment (left), and a solar panel sample which 
surface temperatures are measured at labeled points (right). 
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2.4.2 VOC Measurements under Halogen Lamps 
RAg, HRC, Cu-microwire, and control samples were tested in this experiment 
respectively. Four halogen lamps (Philips Energy Advantage IR, three 90W and one 
70W) were used as light source to simulate sunlight. Samples were placed on a tilted 30° 
stand in the testing chamber where halogen lamps were placed inside. A multimeter 
(Fluke, 8020B) was connected to the two output terminals (positive and negative) of solar 
panels. Measured VOC was recorded every minute, and the total testing time for each 
sample was 10 minutes. 
 
2.4.3 VOC Measurements Outdoor and Indoor under Sunlight  
A sample which had same structure as Cu-microwire EDS film, but without electrodes 
printed (named PET sample) and control samples were tested in this experiment 
simultaneously. Samples were placed on a cart and two multimeters (Fluke 8020B and 
DT-860B) were connected to the output terminals of solar panels. Testing was performed 
in outdoor and indoor environments. Measured VOC was recorded every minute, and the 
total testing time for outdoor was 15 minutes and for indoor was 30 minutes. 
12 
 
 
 
Figure 2.7: Image of VOC measurement setup during outdoor test in Boston. 
 
2.4.4 VOC Measurements in Environmental Chamber 
RAg, HRC, Cu-microwire, PET, and control samples were tested in this experiment 
respectively. A Light-emitting diode (LED) was used to simulate sunlight. Samples were 
placed on a stand in the environmental chamber where ambient temperature and humidity 
can be automatically controlled. A multimeter (Fluke, 8020B) was connected to the 
output terminals of solar panel. A thermocouple (Extech, Model EA15) was used to 
measure the temperature with the thermocouple probes attached to the back side of 
samples. Temperature of the environmental chamber was controlled from 20°C to 60°C. 
Measured VOC and temperature are recorded every minute, and the total testing time for 
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each sample was 30 minutes. 
 
Figure 2.8: Images of the environmental chamber with ambient conditions control panel (right), 
and setup for VOC measurements at bottom layer (left).  
 
2.4.5 Dust Removal Performance Test 
RAg, HRC, and Cu-microwire samples were tested in this experiment respectively. A 
custom-built Dust Distribution Analyzer (DDA) (Sayyah, 2015) was used to 
quantitatively evaluate the performance of EDS film in dust removal. Dust sample 
Johnson Space Center Number One (JSC-1A) (McKay, 1993) was deposited on top of the 
solar panels. The distributions of the particle size of the dust on the samples were 
analyzed by the DDA before and after EDS film activation, and this step was repeated 
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after each sample being heated by a hot plate or the environmental chamber at different 
temperatures. A histogram of number of the particles vs. particle diameter was generated 
by MATLAB and the performances of EDS film under different temperatures were 
evaluated. 
 
Figure 2.9: Images of the surface of a sample before dust deposition (a) and after dust deposition 
(b), and the DDA built by former lab students (c). 
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CHAPTER 3: RESULTS AND DISCUSSION 
3.1 Results and Discussion 
3.1.1 Surface Temperatures Measurements  
Figure 3.1 shows the change of temperature at each point on the control sample after 
illuminated by halogen lamps. Temperatures were not identical at all points because the 
arrangement of lamp bulbs provided an uneven light distribution, and some areas 
received concentrated insulation while some did not. Point 6 was measured to be the 
hottest point.  
 
Figure 3.1: Surface temperatures of nine points on the control sample along with duration under 
the halogen lamps. P1, P2, P3… P9 are the sampling points for measuring temperature as shown 
in figure 2.6. 
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Figure 3.2 shows the change of temperature at point 6 on four samples. The Cu-
microwire EDS sample had relatively high surface temperature and RAg sample had the 
lowest temperature after 10 minutes illumination. A possible explanation for this 
phenomenon was that Cu-microwire electrodes printed on PET film have two layers of 
OCAs compared to other samples, potentially causing an increase in temperature by 
absorbing heat. However, the measurements done by IR thermometer were not precise in 
later experiments and may not represent the temperature but only of the surface of the 
glass, therefore VOC was used as the parameter to reflect the change of temperature on 
solar panels.  
 
Figure 3.2: Surface temperatures at the highest temperature point (Point 6) on different samples 
along with duration under the halogen lamps. 
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3.1.2 VOC Measurements under Halogen Lamps  
Figure 3.3 shows the change of VOC of four samples after illumination. The change of 
temperature can be calculated by the equation introduced in section 2.2. Table 3.1 shows 
the data and calculation. Temperature of solar cell in HRC sample was the highest, while 
temperature of solar cell in RAg sample was the lowest. Surface temperatures were also 
measured by IR thermometer to provide an error percentage between the two methods. 
The RAg sample in both experiment 2.4.1 and 2.4.2 shows minimum changes in 
temperature among all, possibly due to its thinner structure and higher thermal 
conductivity of the reflective silver ink electrodes.  
 
Figure 3.3: VOC of different samples along with duration under the halogen lamps. 
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Type of 
Sample 
VOC, start 
(V) 
VOC, end 
(V) 
Calculated 
ΔT (°C) 
Measured 
ΔT (°C) 
Error (%) 
Control 0.615 0.432 83.2 80.9 2.76 
Cu-microwire 0.624 0.434 86.4 84.3 2.43 
RAg 0.630 0.451 81.4 91.6 12.5 
HRC 0.631 0.436 88.6 98.0 10.6 
 Table 3.1: Data of VOC and calculation of changes in temperature. 
 
3.1.3 VOC Measurements Outdoor and Indoor under Sunlight 
In planned field tests, Cu-microwire EDS film will be used. Therefore, PET sample is 
introduced for the following experiments. PET sample has the same structure as the Cu-
microwire sample, but without electrodes printed. It was tested in the testing chamber and 
found the maximum change in the temperature, as shown in figure 3.4. PET and control 
samples were then used for real sunlight tests. During the outdoor test, the temperature 
change of PET sample was 9.1°C, slightly higher than the temperature change of control 
sample, which was 8.2°C. Values of VOC seemed fluctuated due to the windy weather, 
showing sensitivity to ambient temperature, as shown in figure 3.5. The ambient 
temperature was approximately 2°C. 
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Figure 3.4: VOC and temperature of PET sample along with duration under halogen lamps. 
 
 
Figure 3.5: VOC of PET and control samples along with duration under sunlight (outdoor). 
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Figure 3.6: VOC of PET and control samples along with duration under sunlight (indoor). 
. 
During the indoor test, the temperature change of PET sample was 9.6°C, lower than 
the temperature change of control sample, which was 11.7°C. The large drop in VOC 
occurred, and that was because a cloud blocked the sunlight for two minutes, as shown in 
figure 3.6. The ambient temperature was approximately 24°C. From above experimental 
data, the application of EDS film in lab-scale solar panels does not show a significant 
impact in changing temperature of the PV modules. Moreover, the RAg sample shows 
lower temperature in some experiments, suggesting that well-designed structure and ideal 
materials play important roles in temperature control. 
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3.3 Optimization 
Future testing methods need to be optimized to reduce errors. IR thermometer can only 
measure temperatures of objects at very shallow surface. If accurate temperature of solar 
panels is needed, IR thermometer cannot measure it from the front surface, though many 
layers in EDS are transparent. As a result, thermocouple meter and probes should be used 
by its direct contact with objects. In experiment 2.4.4, thermocouple meter was used for 
data collection, yet more trials need to be done. 
Temperature as an influential factor in dust removal performance also needs to be 
tested. Experiment procedure was introduced in section 2.4.5. Electrical property of OCA 
may be changed at high temperatures, and it possibly affects the process of charging dust 
by influencing the electric fields generated from electrodes. If that is the case, other 
adhesive materials such as Liquid Optically Clear Adhesive (LOCA) or EVA can be used. 
Lab-scale sample is convenient for testing purpose, but its structure is completely 
different compared to solar panels in large commercial solar power plants. Hence, mid-
scale samples, as shown in figure 3.7, with practical structure should be tested to fulfill 
the requirements for actual usage of EDS film in solar power plant. Light sources in the 
lab were also limited. Current usage of halogen lamps and LED cannot fully simulate the 
real-life sunlight from the perspective of intensity and wavelength. Field test is an ideal 
solution for this problem.  
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Figure 3.7: Schematic drawing of mid-scale sample. OCA and silicone encapsulant layers can be 
substituted by each other. All layers are laminated together without air bubble in between. 
 
 
Figure 3.8: Normalized spectral distribution of different radiation sources. Neither halogen nor 
cool white LED fit well to the daylight.  
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
In conclusion, the thesis introduces the EDS film technology and how temperature as an 
ambient factor affects its efficiency. Current experiments indicate the application of EDS 
film on top of the solar collectors has a minor influence in terms of temperature increase, 
and the power conversion efficiency of solar collectors are not seen to be reduced. In 
order to prove this conclusion, more experiments should be designed and done. New 
ideas that help temperature control should be introduced and tested for better outcome.  
 
4.1 FUTURE WORK 
In future, two experiment methods about temperature effect can be developed. Chemical 
coating applied to the surface of solar collectors will be helpful in many perspectives 
such as increasing anti-soiling ability and mechanical durability. Therefore, a selective 
coating can prevent temperature increases and help solar panels cooling process if it can 
reflect the infrared radiation on the very top surface of solar collectors (Wright, 2005). 
This coating may also be hydrophobic and improve the performance of dust removal. To 
achieve that, experiments involved different coating agents should be tested. 
Thermophoresis is a phenomenon that denotes particles’ response to a temperature 
gradient from a hot region to a cold region (Duhr, 2006). This effect is used for 
application in manufacturing of optical fiber, but not in soiling mitigation research. A 
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thermophoretic force is generated due to the temperature gradient and this force can be 
potentially helpful in a dust removal process, shown in figure 4.1. Future literatures about 
thermophoresis effect could be reviewed, and relative experiments should be designed. 
 
Figure 4.1: Schematic of forces distribution on a charged particle by EDS film. Thermophoretic 
effect may be applied in an upward direction and helps the repulsion of particle from surface of 
solar panels (Sayyah, 2016).  
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